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Abstract 
Synthesis of acid-base complex membrane is one of method to improve the proton conductivity in proton exchange 
membrane for fuel cell applications. In this study, acid-base complex membrane was synthesized based on              
N-succinylchitosan-chitosan complexes. The N-succinylchitosan was blended with chitosan in acetic acid at various 
substitution degree of N-succinylchitosan with weight ratio of N-succinylchitosan of 80% w/w. The acid-base 
complex membranes were cast from the polymer solution and dried by evaporation. The properties of the membranes 
such as water uptake, ion exchange capacity, proton conductivity, and mechanical strength were analyzed. It was 
observed that the increase of substitution degree of N-succinylchitosan tends to increase the proton conductivity. The 
optimum performance of membrane unit is attained by the substitution degree of N-succinylchitosan of 0.72, which is 
reflected by its ion exchange capacity of 3.45 meq/g and proton conductivity of 7.35 × 10-2 S cm-1, respectively. 
Blending of N-succinylchitosan and chitosan also improved the mechanical strength of the membranes. These results 
imply that this type of polyelectrolyte complex membrane is a good candidate for proton exchange membrane in fuel 
cell applications. 
 
© 2012 Published by Elsevier Ltd.  
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1.   Introduction 
Proton exchange membrane fuel cell (PEMFC) attracts much attention as promising alternative power 
source due to many advantages such as high power density and low emission [1-4]. The current material 
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for commercial application is the poly (perfluorosulfonic acid) produced by DuPont under the trade name, 
NafionTM. Although it has good chemical and physical properties as PEM in fuel cell, it is recognized to 
have some drawbacks such as reduction in conductivity at high temperature, high methanol permeability, 
and high production cost [5]. Therefore, the development of new alternative ionomeric membranes that 
will provide improved character, environmental benign, and low production cost for fuel cell applications 
is highly required. New proton exchange membranes require several important properties, including good 
film formation and hydrophilic character to allow sufficient ionic conductivity, but while maintaining 
good mechanical stability [6, 7].  
Chitosan from shrimp shell waste has shown its potency to substitute NafionTM as a Proton Exchange 
Membrane (PEM) in fuel cell applications [8]. It was pointed out that cationic polyelectrolyte such as 
chitosan has unique character due to the presence of both amino and hydroxyl groups [9]. Its low 
methanol permeability makes chitosan membrane an excellent material to be further developed, although 
its ionic conductivity is relatively low compared to NafionTM [7,10]. In this study, polyelectrolyte 
complexes membranes were prepared from blending of N-succinyl chitosan (CSSA) and chitosan (CS).  
N-succinyl chitosan was heterogeneously synthesized from different mole ratio of succinic anhydride and 
chitosan. The anionic polyelectrolyte such as CSSA has the carboxylic group. The formation of 
polyelectrolyte complexes from both of CSSA and CS polymers is expected to improve its conductivity 
and mechanical stability. The aim of this research is to study the applicability of this polyelectrolyte 
complexes membrane, for PEMFC by analysis the proton conductivity, ionic exchange capacity, water 
uptake, mechanical stability, and to elucidate interaction between N-succinyl chitosan and chitosan.  
2.  Experiment 
2.1. Materials 
Chitosan was synthesized from isolated chitin from white leg shrimp shells (Litopanaeus vanamae) 
obtained from Cirebon, Indonesia. The degree of deacetylation and molecular weight of chitosan was 99% 
and 407.38 kDa, respectively. Succinic anhydride, pyridine, acetic acid, sulfuric acid, sodium hydroxide, 
hydrochloric acid, acetone, diethyl ether, and trifluoro acetic acid were purchased from Merck and used 
without further purification. Deuterium oxide (D2O) 99.9% was purchased from Cambridge Lab. Inc. 
Nafion 117 was purchased from Gas Hub Inc. and was characterized for comparison after regeneration 
and equilibration. 
2.2. Heterogeneous synthesis of the N-succinyl chitosan 
N-succinyl chitosan was obtained by the reaction of chitosan (15 g, 92.86 mmole) with succinic 
anhydride (SA) according to prescribed amount of mole ratio of succinic anhydride and chitosan 
(equivalent to mole ratio of 1:1-4:1) with the presence of 300 mL of pyridine solution for basic 
conditioning at a 60 qC oil bath for 2 h with stirring. After the reaction, 200 mL of water was added and 
then the excess of pyridine was neutralized by addition of a small amount of concentrated hydrochloric 
acid. The obtained product was precipitated by 200 mL of acetone and then precipitate was filtered and 
washed with 500 of mL diethyl ether, and then dried at a 40 qC in a vacuum oven. The chemical structure 
of the obtained N-succinyl chitosan was elucidated by means of FT-IR and 1H NMR spectrometry 
methods. The product of synthesis was assigned as CSSA11, CSSA12, CSSA13, and CSSA14 for mole 
ratio of SA/CS 1:1, 2:1,3:1, and 4:1, respectively. 
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2.3. Preparation of chitosan and N-succinylchitosan-chitosan membranes 
Chitosan (CS) membrane 2% w/v was prepared as follows: 2 g chitosan powder was dissolved in             
100 mL of 2% v/v acetic acid. After dissolution of the chitosan, the dope solution was cast on a 
polyacrilic dish and left to dry for 3 days in the ambient. The dried membranes were immersed in 2 M 
NaOH for 30 min to ensure the complete removal of residual acid from the membranes. The membranes 
were then thoroughly washed off with demineralized water until the neutral pH was reached. 
Polyelectolyte complexes of N-succinylchitosan-chitosan membranes were prepared as follows: 2 g            
N-succinylchitosan powder was dissolved in 50 mL of 2% v/v acetic acid, while 0.5 g chitosan powder 
was also dissolved in 50 mL of 2% v/v acetic acid. After dissolution, the dope solution of both             
N-succinyl chitosan and chitosan was blended and stirred for 30 min till homogeneous. The dope solution 
was treated the same way with the above dope solution in preparation of chitosan membrane. The 
obtained membrane was assigned as CSSA11-CS8020, CSSA12-CS8020, CSSA13-CS8020, and 
CSSA14-CS8020. For example, CSSA11-CS8020 represents contained 80% w/v of N-succinylchitosan 
(CSSA11) and 20% w/v of chitosan (CS). The chemical structure of the obtained N-succinylchitosan-
chitosan membrane was elucidated by means of FT-IR.  
2.4. Determination of ion exchange capacity (IEC) 
Membrane specimens were equilibrated with 0.5 M H2SO4 for 24 h and washed with demineralized 
water till it was free of acid and then dried at 60 qC. The dried membranes were soaked in 50 mL of            
0.01 N sodium hydroxide solutions for 12 h at ambient temperature. Then, 10 mL of sample solution was 
titrated with 0.01 N of hydrochloric acid. The sample was regenerated with 0.5 M H2SO4, washed until it 
was free of acid with water, and dried to a constant weight. The IEC was calculated according to the 
following equation:  
 
m
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where IEC is ion exchange capacity (in meq/g), B is the amount of hydrochloric acid that used to 
neutralize blank sample (in mL), P is the amount of hydrochloric acid used to neutralize the 
polyelectrolyte membranes used in the study (in mL), 0.01 is normality of the hydrochloric acid, 5 is the 
factor corresponding to the ratio of the amount of NaOH taken to soak the polymer to the amount used for 
titration, and m is mass of dried membrane specimen in g [7].  
2.5. Determination of water uptake 
The membranes were washed in deionized water. After removing water from the membrane surface         
by wiping paper, the membrane weight in equilibrium-hydrated state, ww (g), was measured. 
Subsequently, the membranes were dried in oven at 100 qC for at least 12 h before weighing to obtain the 
dry sample weight in a constant weight wd (g). The water uptake (Wu) can be calculated by the following 
expression [7]:  
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2.6. Proton conductivity measurement 
 Proton conductivity tests were carried out on chitosan and N-succinyl chitosan membranes. 
Measurements were carried out in two point-probe conductivity cells using two platinum wire electrodes 
as working electrode. Before testing in the two-point-probe conductivity cell, membrane samples were 
equilibrated with 0.5 M H2SO4 for 24 h and washed with demineralized water. The electric resistance data 
were obtained using impedance analyzer (AgilentTM E4980A) and were recorded between 20 Hz - 2 MHz 
at working voltage amplitude of 1 V. The impedance spectra were fitted on ZView 2 software by Scribner 
Associates Inc. for curve fitting procedure.   
2.7. Mechanical strength testing 
Ultimate tensile strength and percent breaking elongation of the moist state membranes were evaluated 
on tensile testing machine, according to the standard method (ASTM D638). The test specimens were cut 
into strips with 90 mm length and 10 mm width. The relative humidity, gauge length, and the crosshead 
speed were selected as 50%, 40 mm, 5 mm/min. All specimens were drawn at ambient temperature.   
3. Results and Discussion 
3.1. Preparation of N-succinyl chitosan 
The heterogenous preparation of various chitosan derivatives via ring opening reaction with succinic 
anhydride was successfully carried out. The reaction was carried out at temperature 60 qC for 2 hours and 
obtained a yellowish product and the yield was 50.91-58.03%. The substitution degree was determinated 
from based on the value of 1H NMR peak integral at į = 2.53 ppm. The substitution degree (DS) of 
succinyl group increase with the mole ratio increase of succinic acid toward chitosan and reached at            
0.10-0.72. It is could be known that the quite higher DS of CSSA14 reached at 0.72. This result indicates 
that 72% of amino groups have been substituted by succinyl groups. The all N-succinyl chitosan was 
perfectly soluble in acetic acid solution 2% v/v. The solubility of the N-succinyl chitosan in aqueous 
acetic acid solution could be useful to film formation for membrane formulation. The structures of             
N-succinyl chitosan were confirmed by FT-IR spectra analysis.  
Figure 1a shows the FT-IR spectra of chitosan. It is evident that the broad absorption at 3442 cm-1, is 
assigned to the stretching frequency of –OH/NH group and a band at 2932 cm-1 attributable to C-H 
stretching vibration of –CH2- group. It was also found that the weak absorption band slightly appears             
at 1655 cm-1 (C=O stretching) and 1378 cm-1 (C-H/O-H bending). The strong absorption band appear             
at 1597 cm-1 (N-H bending of -NH2). The absorption band at 1159 cm-1 (asymmetric stretching of the             
C-O-C), 1081 and 1029 cm-1 (skeletal vibration involving the C-O stretching) are the characteristics of its 
saccharine structure.  
Figures 1b-e show the spectrum of N-succinyl chitosan. Clearly, the absorption spectrum of             
N-succinyl chitosan is almost similar to chitosan, particularly the absorption band at 3435-3416 cm-1, 
2932 cm-1 and 897-1159 cm-1. The differences of the spectrum can be seen at the intensity alteration of 
absorption band at 1597 cm-1 (-NH2 group vibration) where decrease and shifted to 1532-1571 cm-1. The 
peak at 1655 cm-1 corresponding to the C=O asymmetric stretching of amide was shifted to 1636 cm-1 and 
its intensity was higher after succinylation, which suggests that the amount of amide group increased. The 
appearances of the shifted peak from 1423 to 1410 cm-1 corresponding to symmetric vibration of C=O of 
–COOH tend to increase for CSSA11, CSSA12, CSSA13 and CSSA14. 
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Fig. 1. IR spectra of (a) chitosan; (b) CSSA11; (c) CSSA12 ; (d) CSSA13; (e) CSSA14 
The 1H NMR spectra and assignment of chitosan and N-succinyl chitosan are shown in Figure 2. All 
the spectra exhibited the characteristic 1H NMR pattern of N-succinyl chitosan. The 1H NMR spectrum of 
N-succinyl chitosan exhibits the signal of the succinyl groups which appeared as singlet at į 2.53 due to 
methylene proton of N-succinyl chitosan. These results suggest that amine group at C-2 position are 
substituted by succinyl groups. These results indicated the succinyl substitutions took place at the               
–N position and –NH-C=O (amide) groups have been formed in N-succinyl chitosan product.  
 
Fig. 2. 1H NMR spectra of (a) CSSA11; (b) CSSA12; (c) CSSA13; (d) CSSA14 
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3.2. Preparation and  IEC, water uptake, proton conductivity, and mechanical properties of membranes 
Polyelectrolyte complexes membranes were prepared by means of 2% v/v aqueous acetic acid. In this 
dissolution process, there were transfer of H+ and CH3COO- from the solvent to chitosan and N-succinyl 
chitosan. In this condition, the amino groups along to the chitosan chain were protonated and carboxylic 
groups in the N-succinyl chitosan were ionized. It was realized to obtain chitosan and N-succinylchitosan-
chitosan membranes with visually transparent membranes. The chemical structures of N-succinylchitosan-
chitosan membrane were confirmed by FT-IR analysis and the FT-IR spectra are shown in Figure 3. 
Clearly, the absorption spectrum of N-succinylchitosan-chitosan is almost also similar to            
N-succinylchitosan, especially the absorption band at 3435-3416 cm-1, 2932 cm-1 and 897-1159 cm-1. The 
differences of the spectrum can be seen at the intensity alteration of absorption band at 1560 cm-1 (-NH2 
group vibration) where increase and shifted to 1562 cm-1 after blending. The peak at 1655 cm-1 
corresponding to the C=O stretching of amide was shifted to 1639 cm-1 and its intensity was higher. These 
results suggest that the intermolecular complex formation which occurred through the electrostatic 
interaction between COOH groups from N-succinyl chitosan and NH2 groups from chitosan. Indeed,             
N-succinylchitosan-chitosan complex membrane was successfully prepared. These membranes were also 
characterized by ion exchange capacity (IEC), water content, proton conductivity, and mechanical 
strength determination.  
 
Fig. 3. IR spectra of (a) CSSA11-CS8020; (b) CSSA12-CS8020; (c) CSSA13-CS8020; (d) CSSA14-CS8020 
Ion exchange capacity (IEC) indicates the number of milliequivalents of ions in 1 g of the dried 
polymer. Ion exchange capacity (IEC) provides an indication of the ion exchangeable groups present in a 
polymer backbone, which are responsible for the proton conduction, and in this is an indirect and reliable 
approximation of the proton conductivity [8,10].  
The measurement results of IEC and water uptake of the N-succinyl chitosan membrane in the various 
mole ratio of chitosan to succinyl anhydride are shown in Table 1. It could be seen that the IEC value 
ranged by 2.78 meq/g for CSSA11-CS8020 to 3.45 meq/g for CSSA14-CS8020. CSSA14-CS8020 
exhibited to the highest ion exchange capacity. From the Table 1 and Figure 4, it was observed that the 
increase of mole ratio of chitosan to succinic group tends to increase the ionic exchange capacity of all 
membranes, while water uptake tends to decrease. This is can be attributed to the increase of the polar 
groups (-COOH) in the N-succinyl chitosan. The increase of the polar groups (-COOH) in the N-succinyl 
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chitosan give a contribution to the increase of the ionic intermolecular electrostatic interactions occurring 
between carboxylic groups from N-succinyl chitosan and amine groups from chitosan.  
Table 1. The Physicochemical properties of CS, CSSA-CS, and Nafion 117 membranes 
Membrane 
Water 
uptake (%) 
IEC 
(meq/g) 
Proton conductivity  
(S cm-1) 
Tensile strength 
(MPa) 
Break 
elongation 
(%) 
CS 44.70 2.50 2.90 × 10-3 30.14 1.75 
CSSA11-CS8020 35.09 2.78 3.13 × 10-2 30.98 3.00 
CSSA12-CS8020 34.67 3.01 3.38 × 10-2 30.84 2.93 
CSSA13-CS8020 31.33 3.23 3.49 × 10-2 29.99 2.86 
CSSA14-CS8020 27.85 3.45 7.35 × 10-2 29.62 2.83 
Nafion 117 19.81 0.41 3.84 × 10-1 24.83 19.92 
Ionic conductivity of N-succinylchitosan-chitosan membranes was determined by means of the 
complex impedance method. All impedances were carried out after hydration of the membranes. 
According to literature, proton conductivity will occur only after the membrane is hydrated [8,10]. The 
proton conductivity data and graph of the obtained N-succinylchitosan-chitosan membranes were listed 
also in Table 1 and Figure 4. It is noted that membranes in wet state exhibit proton conductivity between 
3.13 × 10-2 and 7.35 × 10-2 S cm-1. Compared with the chitosan membranes, the proton conductivity of            
N-succinylchitosan-chitosan membrane shows an increase of about one order of magnitude. The increase 
of mole ratio of succinic group toward chitosan of the N-succinyl chitosan tends to increase the proton 
conductivity of the N-succinylchitosan-chitosan membranes until the mole ratio reached 4:1, and indicated 
the proton mobility through the membrane was the highest. However, the proton conductivity of the 
membranes is much lower in one order of magnitude when compared to Nafion 117 at 3.84 × 10-1 S cm-1.  
 
Fig. 4. Proton conductivity and IEC graph of the CSSA-CS membrane 
In these N-succinylchitosan-chitosan membranes, the most importance functional group is carboxylic 
which its concentration increases with mole ratio of succinic group toward chitosan. Thus, the increase of 
mole ratio of succinic groups toward chitosan leads to a more molecular interaction between –COOH 
from N-succinylchitosan and –NH2 from chitosan. When the N-succinylchitosan-chitosan membranes 
were protonated, H+ or H3O+ ions are free to passed down and give an ionic alternative current (AC). In 
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this mechanism, the electron pair from oxygen atom of the water molecules interact with proton that 
being at –COO- and NH3+ groups. The proton was transferred from the water molecules to the membrane. 
The proton mobility increases with the delocalization of negative charge in the membrane. The 
delocalization occurs due to the formation of intra/intermolecular acid-basic complex in the membrane. 
In this condition, the proton become more acid because the bond length between O and H atoms in the 
complex structure (–COO----H+-----NH2-) increases, which facilitates the proton transport by lowering 
the activation energy. Since the transfer mobility of the proton increased, the proton conductivity of the 
membrane also increased. It is indicated a good proton exchange properties.  
For a comparison, it was pointed out that in the polyelectrolyte complexes membrane such as 
chitosan-poly (acrylic acid), the occurrence of ionic intermolecular interaction between ammonium ions 
(–NH3+) of chitosan and carboxylic ions (–COO-) of poly (acrylic acid) exhibit affinity toward water. 
This state provides an essential condition for proton mobility, i.e. hydrated polymer matrix [7]. This 
condition was analog with the N-succinylchitosan-chitosan membranes synthesized in this study and 
indicated that NH3+ groups were also contribute to the increase of proton conductivity. 
The tensile strength and breaking elongation for wet samples of N-succinyl chitosan membranes are 
illustrated in Table 1. Tensile test provides indication of strength and break elongation of the membrane, 
which can reflect the strength and strain-at-break of the membrane. The increase the mole ratio of 
succinic group toward chitosan tends to decrease the strength and break elongation of the             
N-succinylchitosan-chitosan membrane. This is attributed to the increasing of the polar groups (-COOH) 
content in the N-succinylchitosan-chitosan membrane, thus the intermolecular hydrogen bonding 
interaction in the polymer backbone also increase. In the range of tensile strenght of  29.62 to 30.98 MPa, 
it can be assumed that N-succinyl chitosan membranes have a good mechanical properties compared with 
chitosan membrane. 
4. Conclusion 
In conclusion, N-succinylchitosan-chitosan polyelectrolyte complex membranes were prepared through 
inversion phase method as a function of various mole ratios of CSSA and CS. The resulting membranes 
were also visually transparent and homogeneous. The increase of SA/CS mole ratio from 1:1 to 4:1 
caused the increase of ionic exchange capacities, proton conductivity, but the decrease of water uptake. 
The decrease of water uptake was caused by the increase of hydrogen bond interaction between -COOH 
of N-succinylchitosan with -NH2 of chitosan.  
The profile of mechanical properties indicated that the increase of SA/CS mole ratio tend to decrease 
the tensile strength and break elongation. However, the mechanical stability of membrane was still good 
and better than the CS membrane. The proton conductivity of CSSA14-CS8020 membrane with a 
composition of 80% w/w CSSA and 20% w/w CS reached a maximum value of 7.35 × 10-2 S cm-1. 
However, the proton conductivity was still an order magnitude lower than Nafion117TM at            
3.84 × 10-1 S cm-1. This result implies that this novel polyelectrolyte complex membrane is a good 
candidate for proton exchange membrane in fuel cell applications 
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